Power is one of the key requirements for the development of economies and upgrading of standards of living of developing countries. Countries such as Bangladesh depend largely on fossil fuels such as diesel fuel and natural gas to produce the main proportion of their electricity. However, this country's combination of limited natural gas reserves high fuel prices and escalating costs of transmission and distribution lines has greatly increased the unit cost of electricity generation and it is becoming difficult for customers to pay for electricity. On the other hand, burning fuel causes environmental pollution that leads to global warming which is ultimately responsible for climate change and its devastating consequences. In this study, we have recommended a stand-alone system for the traditional consumption of domestic electric use at residential units in Bangladesh. We have shown a comparison of using the stand-alone photovoltaic (PV) system with the traditional grid connection. Although the initial set-up cost is high, it becomes profitable as people are supplied with electricity, which is being generated from PV as a result minimizing the energy cost from the grid, and in addition, they can later make savings from this system. This paper, therefore, aims at determining the optimum size of the rooftop solar home system that will fulfil all the criteria for powering up electrical appliances at an affordable price. Comparative analysis of both energy systems based on the cost calculation has been performed by means of the Hybrid Optimization of Multiple Energy Renewables (HOMER) software. The validity of this proposal and its usefulness is also analysed.
Introduction
Bangladesh's economy is mostly dependent on agriculture and its industrial sector. To enhance employment opportunities, policies and incentives were put in place to boost the growth of both these sectors. However, electricity generation and supply in the country is much lower than is required for the growing demand, a shortfall that has impeded sustainability of the country's economic growth. Despite achievements, a large proportion of the country's inhabitants even now does not gain access to power. Per the study carried out by the International Energy Agency (IEA), 1.1 billion persons totally did not get access to electricity in 2016. This represents a decrease of 35% in the total people compared to 2000 [1] . In Bangladesh only 60% of the population get access to power and it would require an estimated 15 years to extend the service to every one [2] . Currently, 99% of energy consumed in rural The world's most abundant and permanent energy source is solar radiation. In every year per minute solar energy received by the surface of the Earth is much greater than the energy utilisation by the entire population. For the time being, solar power, being accessible all over, is enticing for complete systems notably within the rural parts of all the developing nations [8] . Solar energy has a significant potential for success in Bangladesh. The average solar radiation during the year for Bangladesh is 4.57 kWh/m 2 /day. The system is endearing because once payment for initial set up is completed, there are no further additional cost for fuel incurred throughout its lifetime. Savings can later be generated through this innovative scheme. Savings, which result from discontinuing the use of candles, kerosene fuel, can be channeled into making the monthly payments whilst at the same time promoting a greener environment.
The software Hybrid Optimization Model for Electric Renewables (HOMER 2.68 beta) [16, 17] , was utilised as a modelling tool, which in recent years has been employed for optimal sizing and simulations of micro-grids by many researchers in several counties [18] [19] [20] [21] [22] . A literature review reveals that many studies were undertaken in various counties on the advantages of rooftop solar off grid system [23] [24] [25] . The authors' previous work has contributed to the proposal of a new solar energy system for an electric vehicle system design and for its optimal size using HOMER [26] . In this study, a recommendation that the renewable energy-based rooftop stand-alone solar home system is a viable alternative energy source. According to our knowledge, it appears that no study has been accomplished on such residential system scale for use in developing country, and it assures the novelty of this publication. The objective of the current investigation is to examine the technical and economic feasibility of a rooftop solar home system to evaluation the advantages of users swapping over from grid to solar PV as an alternative source of electric energy. HOMER tool is utilised to specify the optimal size of the equipment taking into account the geographical and meteorological data of the location under study. HOMER applies the net present cost method for ranking the system's suitability.
Therefore, the reminder of the paper is structured as follows. Section 2 gives full details of the rooftop solar home system utilised to generate heat and power. Section 3 provides basic model data such as input data and component specifications for sizing the various system components. Simulation results are discussed in Section 4, including the optimal sizing of the system and the cost analysis. Finally, conclusions are drawn in Section 5.
Rooftop Solar Home System Description
A rooftop solar home system (Figure 1 ) may be a possible alternative supply of electrical energy. This method is changing into tremendously popular and is taken into account as a response to the energy drawback within the country's rural areas. Bangladesh is placed between 88.04 and 92.44 degrees east and 20.30 and 26.38 degrees north, a novel location that provides the country prepared access to solar power for trappings and use [2, 27] . Indeed, it experiences a minimum of 10 hour of sunlight daily throughout the year. The average solar irradiance of Bangladesh is around 5 kWh/m 2 /day [27, 28] . Since the solar modules solely produce electrical energy throughout the day, it is necessary to store this energy to be used at night time and through cloudy days. Storage systems utilized typically employ rechargeable lead-based batteries, because of their ability to optimally receive energy at each low-and high-input voltages. A battery regulator is installed in to stop overcharging and deep discharges. The solar photovoltaic system can offer battery output voltage of 12-or 24-Volts electricity (DC) in most cases. To supply devices, that are solely obtainable for AC voltage, a power inverter is used. it is important to arrange such a complete PV system which will match the potential energy consumption with the native average solar irradiation, the ensuing energy production and therefore the needed storage capability [29] .
The rooftop stand-alone SHS is now very popular in Bangladesh due to its accessibility and relative affordability as discussed earlier. Owing to the high rate of adoption of SHSs in rural areas, researchers generated a list of probable factors that determine an individual's likelihood of purchasing or adopting it. Easy access to loans from several financing companies now makes it possible for the middle-and lower-income groups to afford the SHS. The government of Bangladesh has pledged to use 5% of their electricity using renewable energy sources in 2008 Washington International Renewable Energy Conference. Following that in 2009, a fund of $ 29 M was set up by Bangladesh Bank to create public awareness in the solar sector. The central bank also had several agreements with state-owned and private sector banks to provide funds to different financing schemes related with renewable sources with a very low interest rate of about 5% [30] .
Therefore, it appears that the solar home system is systematically becoming more entrenched and established in the country as a viable means of eliminating the collective problems associated with fossil fuels [31] .
Promoters of this system perform feasibility and techno-economic analysis to enhance affordability of the SHS. Some innovative financing structures have been developed and are discussed later in this paper. Studies have also been conducted on the cost of energy for the standalone SHS system. As mentioned in the previous section, an optimization tool known as HOMER has been used for all the simulation and analysis of the data. The HOMER software, NREL's (National Renewable Energy laboratory), and the micro-power optimization model, can evaluate a range of equipment options over varying constraints and sensitivities to optimise small power systems. HOMER's flexibility is suitable in the assessment of design, planning and decision-making areas for ensuring feasible projects [16, 17] . A detailed description of the available mathematical models implemented in HOMER goes beyond the scope of this study. For a comprehensive analysis, the interested readers can refer to the work of Bahramara et al. [18] . After the input data are fed into HOMER, optimal sizes of SHS equipment are established in three stages comprising simulation, optimisation, and sensitivity analysis as illustrated in Figure 2 [16] [17] [18] . The government of Bangladesh has pledged to use 5% of their electricity using renewable energy sources in 2008 Washington International Renewable Energy Conference. Following that in 2009, a fund of $ 29 M was set up by Bangladesh Bank to create public awareness in the solar sector. The central bank also had several agreements with state-owned and private sector banks to provide funds to different financing schemes related with renewable sources with a very low interest rate of about 5% [30] .
Promoters of this system perform feasibility and techno-economic analysis to enhance affordability of the SHS. Some innovative financing structures have been developed and are discussed later in this paper. Studies have also been conducted on the cost of energy for the stand-alone SHS system. As mentioned in the previous section, an optimization tool known as HOMER has been used for all the simulation and analysis of the data. The HOMER software, NREL's (National Renewable Energy laboratory), and the micro-power optimization model, can evaluate a range of equipment options over varying constraints and sensitivities to optimise small power systems. HOMER's flexibility is suitable in the assessment of design, planning and decision-making areas for ensuring feasible projects [16, 17] . A detailed description of the available mathematical models implemented in HOMER goes beyond the scope of this study. For a comprehensive analysis, the interested readers can refer to the work of Bahramara et al. [18] . After the input data are fed into HOMER, optimal sizes of SHS equipment are established in three stages comprising simulation, optimisation, and sensitivity analysis as illustrated in Figure 2 [16] [17] [18] . 
Data Collection and Component Specifications

Load Definition
Consider a typical household, which has 4 CFL (compact fluorescence lamps), 3 alternating current (AC) fans and 1 television (TV). Operating time for the CFL is assumed to be 8 h/day, fan is 12 h/day and TV is 4 h/day. The required power for every CFL is 23 W, AC fan is 80 W, and the TV is 100 W. Therefore, one household requires an approximate load of 432 W. Table 1 describes the average load consumption. It should be mentioned that the consideration of CFL was taken into account based on the typical condition of the proposed research area. The energy efficiency can be increased considering LED lamps and other energy-efficient devices. The energy demand per day ( ) can be calculated as shown in Equation (1):
where: k = Index of each type of load such as fan, lights, TV etc.; = number of hours k th device type used per day; 
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A k = number of hours k th device type used per day; P k = power rating of kth device type; Q k = number of devices of kth type.
According to the information provided in Table 1 , the approximate energy demand per day is 4.02 kWh for each household.
Daily Load Profile
In HOMER according to the load consumption, there is an assumption that off-peak time runs from 12 a.m. to 6 a.m where we consider only fans as a load as it is night time, and therefore the load consumption is almost constant and low during these hours, while the peak time is from 5 p.m. to 11 p.m. The load variation for a day for different months are shown in Figure 3 . = power rating of kth device type; = number of devices of kth type. According to the information provided in Table 1 , the approximate energy demand per day is 4.02 kWh for each household.
In HOMER according to the load consumption, there is an assumption that off-peak time runs from 12 a.m. to 6 a.m where we consider only fans as a load as it is night time, and therefore the load consumption is almost constant and low during these hours, while the peak time is from 5 p.m. to 11 p.m. The load variation for a day for different months are shown in Figure 3 . The seasonal profile for the household load has been represented in Figure 4 . It is observed that the maximum value achievable is in June with the value equal to 0.6 kW. Overall, the average value is above 0.4 kW. For January, February and December, the value is low and is around 0.45 kW. 
Size Consideration of Photovoltaic Array
To calculate the PV size, different combinations along with other parameters for panel was given as input in the software to get optimized performance for the proposed system. Here we have considered a lifetime of 25 years for the PV with no tracking system. The cost of the PV has been considered as $0.36/ WP [32] . For the other costs such as installation we have considered $360, and for operation/maintenance $5/year considering the standard current market value. Eq. (2) has been used to find the PV generation capacity. The seasonal profile for the household load has been represented in Figure 4 . It is observed that the maximum value achievable is in June with the value equal to 0.6 kW. Overall, the average value is above 0.4 kW. For January, February and December, the value is low and is around 0.45 kW. = power rating of kth device type; = number of devices of kth type. According to the information provided in Table 1 , the approximate energy demand per day is 4.02 kWh for each household.
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I d = average number of hours the sun shines; d = de-rating factor, which takes into account the effects of efficiency and changes in the solar generation during the day.
The typical values of I d and d are 5 h and 80%, respectively in Bangladesh.
Battery Size
Electricity is supplied from battery at night and also used in emergency situations such as bad weather. This study considered a battery which has nominal voltage of 12 V, and a nominal capacity of 200 Ah (2.4 kWh). The lifetime of battery is assumed to be five years. The installation, replacement, operating and maintenance costs of one battery are taken as $180, $180 and $7/year, respectively [32] . The number of batteries can be determined using the following mathematical equation:
n d = the number of days of backup power required; V battery = the battery voltage rating; AH = the ampere-hour rating; and DOD is the depth of discharge of the battery system.
Charge Controller
A charge controller is similar to the voltage regulator. It regulates the voltage and current that is emitted from the solar panels and going into the battery. Mainly "12 Volt" panels are set to about 16 to 20 volts, so if there is no voltage regulation the batteries face the risks of being damaged from overcharging. Thus, the charge controller protects against overly high voltage, over current, short circuit, polarity reverse and lighting. The LCD display indicates levels of voltage, current and short circuit. This study considered a charge controller, which is priced at $70 [32] . This is an electronic device which guarantees longer lifespan if properly used in the system and thereby helps reduce the cost of the system.
Inverter
An inverter is utilised to convert the power from DC to AC. For 1-kw inverter the installation and replacement costs are considered as $310 and $310, respectively [32] . Various sizes of inverters are applied in the system. The lifetime of an inverter is taken to be 15 years with an efficiency of 90%. As this is power electronics, a higher lifespan can be utilised.
Solar Radiation and Clearness Index
Bangladesh's geographical location in terms of latitude and longitude are 23 • 59 N and 90 • 27 E respectively. The scaled annual average radiation ( Figure 5 ) for Bangladesh is five kWh/m 2 /day. are applied in the system. The lifetime of an inverter is taken to be 15 years with an efficiency of 90%. As this is power electronics, a higher lifespan can be utilised.
Bangladesh's geographical location in terms of latitude and longitude are 23°59′ N and 90°27′ E respectively. The scaled annual average radiation ( Figure 5) for Bangladesh is five kWh/m 2 /day. It should be well noted that using the Solar Resource window in HOMER we can enter the value for either the average radiation or the average clearness index. If any of the value is provided then the other one is automatically calculated. On the other hand, the clearness index is given in a scale of 0 and 1 which give provides the fraction of the solar radiating striking the top of the atmosphere which can reach the Earth's surface. Equation (4) defines the monthly average clearness index:
where: 
Results and Discussion
System Analysis
The system is fed by solar PV arrays and batteries and it will be installed in the rooftop of households as depicted in Figure 6 . There is no grid connection in the system. In this system, during the day, the PV array supplies power to the load directly and also charges the battery. At any time, day or night, the load is able to draw power from the battery. The charge controller prevents excessive overcharging and deep discharging of the battery. It should be well noted that using the Solar Resource window in HOMER we can enter the value for either the average radiation or the average clearness index. If any of the value is provided then the other one is automatically calculated. On the other hand, the clearness index is given in a scale of 0 and 1 which give provides the fraction of the solar radiating striking the top of the atmosphere which can reach the Earth's surface. Equation (4) defines the monthly average clearness index:
where: H = monthly average radiation on the horizontal surface of the earth [kWh/m 2 /day]; H , is extra-terrestrial horizontal radiation, meaning the radiation on a horizontal surface at the top of the Earth's atmosphere [kWh/m 2 /day].
Results and Discussion
System Analysis
The system is fed by solar PV arrays and batteries and it will be installed in the rooftop of households as depicted in Figure 6 . There is no grid connection in the system. In this system, during the day, the PV array supplies power to the load directly and also charges the battery. At any time, day or night, the load is able to draw power from the battery. The charge controller prevents excessive overcharging and deep discharging of the battery. The total solar home system is designed in HOMER. In HOMER, we have considered 10% dayto-day load variation. Considering the noise, system loss and random variability of the load, the system is designed for 602 W peak load, which is much higher than the actual load consumption mentioned in Section 3.1. The daily energy consumption is considered to be 6 kWh for the proposed case.
The system under study is based on AC load, which is supplied by PV and at night or emergency backup battery is used. For AC supply, an inverter is used which converts the DC power that is obtained from PV and battery into AC power. For system analysis this model is ran by HOMER and after simulation with best possible combinations, we get the following optimum result shown in Figure 7 for this system. The total solar home system is designed in HOMER. In HOMER, we have considered 10% day-to-day load variation. Considering the noise, system loss and random variability of the load, the system is designed for 602 W peak load, which is much higher than the actual load consumption mentioned in Section 3.1. The daily energy consumption is considered to be 6 kWh for the proposed case.
The system under study is based on AC load, which is supplied by PV and at night or emergency backup battery is used. For AC supply, an inverter is used which converts the DC power that is obtained from PV and battery into AC power. For system analysis this model is ran by HOMER and after simulation with best possible combinations, we get the following optimum result shown in Figure 7 for this system.
The total solar home system is designed in HOMER. In HOMER, we have considered 10% dayto-day load variation. Considering the noise, system loss and random variability of the load, the system is designed for 602 W peak load, which is much higher than the actual load consumption mentioned in Section 3.1. The daily energy consumption is considered to be 6 kWh for the proposed case.
The system under study is based on AC load, which is supplied by PV and at night or emergency backup battery is used. For AC supply, an inverter is used which converts the DC power that is obtained from PV and battery into AC power. For system analysis this model is ran by HOMER and after simulation with best possible combinations, we get the following optimum result shown in Figure 7 for this system. From the HOMER analysis, the optimal result is attained for the arrangement of 2 kW PV panels, 1 kW inverter and 8 batteries (each has 200 Ah, 12 V). This result is based on the lowest LCOE and operating cost for SHS.
To calculate the LCOE, which is expressed as the average cost per kWh of useful electrical energy generated by the system, HOMER divides the annualised cost of generating electricity (the cost of serving the load (Cs) subtracted from the total annualised cost (AnC) by the total useful electric energy production (WT). In HOMER, a 6% annual real interest rate is considered. Hence, it calculates the LCOE using Equation (5):
where LCOE = 0.211 $/kWh (16.88 Tk/kWh). The total system's power is supplied by 2 kW p PV, 24 V system with 4 panels in parallel to maintain the PV voltage 24 V and 4 string of batteries (each string has two 12 V, 200 Ah batteries connected in series) to meet the load demand with one charge controller and an inverter. Figure 8 presents average monthly production of SHS throughout the year. It is clear that production of the solar power varies with respect to different seasons, but it always produces enough necessary power. From the monthly electrical production, it can be seen that the production is high from March to June. From the HOMER analysis, the optimal result is attained for the arrangement of 2 kW PV panels, 1 kW inverter and 8 batteries (each has 200 Ah, 12 V). This result is based on the lowest LCOE and operating cost for SHS.
where LCOE = 0.211 $/kWh (16.88 Tk/kWh). The total system's power is supplied by 2 kWp PV, 24 V system with 4 panels in parallel to maintain the PV voltage 24 V and 4 string of batteries (each string has two 12 V, 200 Ah batteries connected in series) to meet the load demand with one charge controller and an inverter. Figure 8 presents average monthly production of SHS throughout the year. It is clear that production of the solar power varies with respect to different seasons, but it always produces enough necessary power. From the monthly electrical production, it can be seen that the production is high from March to June. It can be calculated from the input data that this system will be producing a total of 3232 kWh/yr from the PV system and the consumption of the proposed system will be around 1959 kWh/yr, which allows us to conclude that the proposed system will be producing enough power for additional electrical equipment to use. The total power surplus from the system is equal to 1273 kWh/yr, which can be sold to or shared with neighbours under certain conditions.
Cost Analysis
In the existing grid connection system if the user paid the monthly electricity for 180 units (6 units per day) then the total cost of the utility power from the grid ( ) can be calculated using Equation (6): It can be calculated from the input data that this system will be producing a total of 3232 kWh/yr from the PV system and the consumption of the proposed system will be around 1959 kWh/yr, which allows us to conclude that the proposed system will be producing enough power for additional electrical equipment to use. The total power surplus from the system is equal to 1273 kWh/yr, which can be sold to or shared with neighbours under certain conditions.
In the existing grid connection system if the user paid the monthly electricity for 180 units (6 units per day) then the total cost of the utility power from the grid (C Grid ) can be calculated using Equation (6) :
where: C unit = the cost of per unit energy and L is the project lifetime. Therefore, the total electricity bill for 25 years for grid-connected supply without using solar connection is $3901 (312,075 Tk) considering per unit cost of utility is $0.0713 (5.7 Tk). On the other hand, the total cost of the rooftop solar system without taking into account any subsidy (C pv ) can be evaluated using Equation (7):
where: C PV panel , C battery , C inverter , C Charge controller are the capital costs of PV, battery, inverter and charge controller, respectively. The other system capital cost is denoted by C others .
The initial cost of this proposed rooftop PV system is $2770 (221,600 Tk). Thus, the overall profit during the full project life realised by switching from utility grid connection to rooftop solar PV system is $1131 (90,480 Tk). Accordingly, the payback period can be calculated using Equation (8):
If users replace their existing system with rooftop solar home system, then within 18 years they can recover their initial cost; that means the payback period is 18 years. Here in the rooftop PV system no subsidy has been considered for that reason the payback period is much higher. If we consider 40% government subsidy as per process, then the payback period will be much lower than the present value. Therefore, by adopting this proposed system users can save their money and improve their economic conditions. In a SHS, generally a large portion of cost around 80% of total cost has been added because of the battery and its short lifespan. The cost summary of the proposed project is shown in Figure 9 . where: , , , are the capital costs of PV, battery, inverter and charge controller, respectively. The other system capital cost is denoted by . The initial cost of this proposed rooftop PV system is $2770 (221,600 Tk). Thus, the overall profit during the full project life realised by switching from utility grid connection to rooftop solar PV system is $1131 (90,480 Tk). Accordingly, the payback period can be calculated using Equation (8):
If users replace their existing system with rooftop solar home system, then within 18 years they can recover their initial cost; that means the payback period is 18 years. Here in the rooftop PV system no subsidy has been considered for that reason the payback period is much higher. If we consider 40% government subsidy as per process, then the payback period will be much lower than the present value. Therefore, by adopting this proposed system users can save their money and improve their economic conditions. In a SHS, generally a large portion of cost around 80% of total cost has been added because of the battery and its short lifespan. The cost summary of the proposed project is shown in Figure 9 . From the cost summary displayed in Figure 9 , it can be seen that the bulk of expenses is due to the specific battery model 6FM200D. The long lifespan of PV cells and converter contribute to the system's feasibility for use. Figure 10 presents the yearly cash flow of each component of SHS for the lifespan. From the cost summary displayed in Figure 9 , it can be seen that the bulk of expenses is due to the specific battery model 6FM200D. The long lifespan of PV cells and converter contribute to the system's feasibility for use. Figure 10 presents the yearly cash flow of each component of SHS for the lifespan. From the cost summary displayed in Figure 9 , it can be seen that the bulk of expenses is due to the specific battery model 6FM200D. The long lifespan of PV cells and converter contribute to the system's feasibility for use. Figure 10 presents the yearly cash flow of each component of SHS for the lifespan. The cash flow diagram provides us a clear idea of the typical expenses of different components of SHS. For our system, a user will initially need to spend a fairly amount of money and then spend smaller amounts periodically. It is important to note that every five years users will need to replenish the battery because of its limited lifespan. The inverter and charge controller cost will add once 15 year is passed and at the end of the life span of the system salvage value will return or the system will be replaced completely. The nominal cost of the system is also mentioned for every year, which includes periodic servicing of the inverters and cleaning the panels.
Environmental Impacts
According to the CO 2 baseline database [33] prepared by the Department of Environment, Government of People's Republic of Bangladesh, the weighted average grid emission factor (GEF) for power plants is 0.67 Tonnes of CO 2 per MWh of energy generated. Using this factor, we can determine the reduction of CO 2 emissions because of shifting to rooftop solar for a lifetime of 25 years as disclosed in Equation (9) .
In the proposed rooftop PV system, we can reduce 36.68 tonnes CO 2 emissions during the 25 years of project life. Therefore, we can reveal that beside the monetary benefit it should also be mentioned that the current grid supply that is generated from the fossil fuel as a result of the CO 2 emissions is much higher. Whereas using the proposed stand-alone system can reduce the demand of energy from the grid as a result reducing the overall CO 2 emissions.
Conclusions
This paper highlighted the benefits of using a rooftop stand-alone Solar Home System both to minimise energy costs, and as a viable alternative to fossil fuels. The study demonstrated that by using this system, the total cost of energy will be decreased as the per unit cost is around $0.211 (16.88 Tk) and that there would gradually be no more additional fuel charges for consuming energy. In fact, within a few years, income can be earned by installing this rooftop stand-alone Solar Home System. The system is further endeared by availability of financing options that payment and installation of this system. From our cost analysis, users can approach micro finance companies or obtain loans from commercial banks. The analysis also illustrated that Bangladesh has surplus energy, which can be shared. The system can be improved by the installation of PV in between open neighbouring places for more daylight. Through this method, many off-grid areas will gain light sources. Further, total load pressure on the electricity grid network will also be reduced. Bangladesh is a developing country and conventional energy sources may no longer be feasible in the future in view of increasing fuel costs and environmental concerns. The rooftop SHS system can minimise the load pressure on the fuel system, which ultimately reduces greenhouse gas emissions and can contribute to a greener environment. Finally, in undertaking this scheme, people can be enlightened about all its benefits including the potential for income savings, which would ultimately enhance the economic activities of the people without any adverse effects on the environment. 
